Accurate description of boundary layer processes is important for numerical simulations, and some model parameters in the boundary layer schemes play an important role in the model simulations. The Quasi-Normal Scale Elimination (QNSE) scheme in the Weather Research and Forecasting (WRF) model version 3.1.1 reverts into the Mellor-Yamada-Janjić (MYJ) model under unstable and neutral conditions. The parameters (A 1 , A 2 , B 1 , B 2 , C 1 ) that affect the turbulent mixing in the MYJ formulation are the proportional coefficients of turbulence length scales and the master turbulence length scale. This study examines the model simulations sensitivity to different MYJ parameters. The simulation results show that MYJ parameters play a significant role in rainfall simulations. The analysis results imply that the parameters may affect the rainfall mainly by changing turbulent mixing and coupling with other physical process, such as cumulus convection processes, and then changing heat, momentum, and moisture transfer. The previous parameters used in the original MYJ formulation are not always the best and none of the parameters are always the best. It may be more appropriate that the parameters should be adopted in their plausible physical bounds depending on the planetary boundary layer (PBL) structures characteristics under specific meteorological and geographical circumstances.
INTRODUCTION
China is a vast territory with complicated topography leading to a non-uniform precipitation distribution in both time and space. The annual total precipitation varies from less than 10 mm in northwest China to more than 2000 mm in southeast China (Wang and Zhang 1989; Zhai et al. 2005) . Rainfall is concentrated mainly in summer in most regions of China, with an obvious distinction between the rainy and dry seasons. The major rainy season in eastern China is characterized monsoonal rains. The rain belt moves from south to north as the summer monsoon shifts through a series of dry and rainy phases. Generally speaking, there are six important regional rainy seasons in China from spring to autumn (Xu et al. 1985; Yihui and Zunya 2008) . The rain belt stagnates over southern China from middle May to early June, over the Lower Yangtze River region from middle June to early July, over Northern and Northeastern China from middle July to late August. This is called the pre-summer season in South China, Meiyu in the Lower Yangtze River and Huaihe region, rainy season in the Northern and Northeastern China, respectively (Xu et al. 1985) . From late August onwards the main rain belt moves back from middle September to early October. The major rain belt stagnates over the Huaihe region, which is called the Autumn Rainy Season in the Huaihe region (Zhai et al. 2005) . The Lower Yangtze River region has attracted much attention for its dense inhabitation and frequent heavy rainfall occurrences (Wang et al. 2012) . The regions mentioned above are depicted in Fig. 1 . However, precipitation is not only related to the synoptic situation, but also closely connected to the planetary boundary layer (Xu and Zhao 2000) .
The planetary boundary layer parameterization is a fundamental issue of meteorological models. Although great efforts have been made by researchers around the world, errors and uncertainties linked to the planetary boundary layer (PBL) parameterizations remain to be one of the crucial sources of inaccurate simulations (Pleim 2007a, b; Hu et al. 2010b; Xu et al. 2013) . PBL schemes usually parameterize the heat and momentum fluxes within the PBL, as well as in the free atmosphere (Nielsen-Gammon et al. 2010) . These schemes include the parameters or empirical constants used for turbulence parameterization. Different treatments of these parameters or empirical constants may lead to differences in the boundary layer. PBL parameters in some PBL schemes have been evaluated in the Weather Research and Forecasting (WRF) model framework. For example, a study by Hu et al. (2010b) concluded that the vertical eddy diffusivity in the Asymmetrical Convective Model version 2 (ACM2) PBL scheme varies considerably when the index number p in the vertical eddy diffusivity formulation varies between 1 -3 (Hu et al. 2010b) . It governs the vertical mixing strength. Another study by John W. Nielsen-Gammon tested the sensitivities of model simulations to the ACM2 parameters. His study shows that ACM2 parameters have a great effect on the vertical profiles of temperature, water vapor mixing ratio and wind speed (Nielsen-Gammon et al. 2010) . The above studies identified important parameters in the ACM2 scheme. Significant parameters in other PBL schemes should also be identified.
We compared seven PBL schemes in the WRF model framework in the rainfall simulation in the Lower Yangtze River Reaches (Xu et al. 2013) . The seven PBL schemes include the Quasi-Normal Scale Elimination (QNSE) PBL scheme, the Mellor-Yamada-Janjić (MYJ) PBL scheme, Mellor-Yamada-Nakanishi and Niino Level-2.5 (MYNN2.5) PBL scheme, Mellor-Yamada-Nakanishi and Niino Level-3 (MYNN3) PBL scheme, Yonsei University (YSU) PBL scheme, ACM2 PBL scheme, Bougeault-Lacarrére (Boulac) PBL scheme. Results show that the QNSE scheme performs well in the simulation of rainfall in the Lower Yangtze River Reaches. The reason for the favorable QNSE scheme performance may be that improved parameterization of the stable part could also improve simulation of the unstable part (Xu et al. 2013) . QNSE PBL scheme in the WRF model consists of two parts, one is the MYJ scheme designed for unstable and neutral situations and the other is the original QNSE model designed for stably stratified flows. To avoid confusion, it may be more suitable to be entitled QNSE-MYJ (QMYJ) PBL scheme instead of QNSE PBL scheme in the WRF model. Hereafter, QNSE PBL scheme in the WRF model means QMYJ PBL scheme. The mixing coefficients (A 1 , A 2 , B 1 , B 2 , C 1 ) are only used in the MYJ scheme (hereafter MYJ parameters), and they affect turbulent mixing. The impacts of turbulence length scale coefficients (A 1 , A 2 , B 1 , B 2 , C 1 ) on simulations within the QMYJ scheme in the WRF model may be evaluated for their importance. The techniques and methods used to revise vertical mixing coefficients remain general (Janjić 2001) . Using the techniques and methods of the previous study (Janjić 2001) , we can establish one to one correspondence between the model parameters and the Prandtl number (Prt). The parameter choice will therefore be made by the Prt (Table 1) . The original Prt value is assigned as 0.8. The M-Y model (Mellor and Yamada 1974) has been reported to underestimate the depth of the mixed layer (Sun and Ogura 1980) . However, certain progress has been made concerning the growth of the convective boundary layer (CBL) by revising the empirical constants and the new values assigned by taking Prt to 1.0 (Janjić 2001) . It is concluded that the MYJ model performance is related to the parameters (Janjić 1994) , but the impact of the MYJ formulation on the QMYJ scheme in the WRF model remains unknown. This study investigates the effects of those MYJ parameters in the QMYJ scheme in the WRFV3.1.1 model.
The objective of our research program is to revise the MYJ parameters (A 1 , A 2 , B 1 , B 2 , C 1 ) in the QMYJ scheme. As a necessary first step in the program, this study evaluates the sensitivities of the WRF simulations to those MYJ parameters in the QMYJ PBL scheme over the Lower Yangtze River regions. To achieve this goal MYJ parameters are assigned one of six value sets (Table 1) for each case. Comparisons between the wind speed, potential temperature, water vapor mixing ratio, PBL height, 24-hour accumulated rainfalls from the measurements and simulations are performed. Sensitivity results are also analyzed using statistical methods. The sensitivity analysis enables us to understand the sources and characteristics of the model error, facilitating PBL scheme improvement. The overall methods of this study remain general.
The paper is organized in the following order. In section 2 the original QNSE model is described and the parameters to be tested in the MYJ formulation of the QMYJ scheme are reviewed in detail. Section 3 gives a description of the model setup. Section 4 examines the model sensitivity to each set of parameters by evaluating PBL variables, structures, heights, and finally verifying the rainfall fields. A brief summary is provided in section 5 as a conclusion.
A DESCRIPTION OF QNSE PARAMETERIZATION AND MYJ PARAMETERS
The QNSE PBL scheme is one of the TKE closure schemes (Skamarock et al. 2008 ). The QNSE model distinguishes between the horizontal transportation processes and the vertical transportation processes. Using a renormalization group theory around a Reynolds number of unity, it considers the joint effect of turbulence and waves in the presence of turbulence with stable and weakly unstable stratification (Sukoriansky 2008 ). The QNSE model gives a variety of significant stably stratified flow features, for example, the reliance of vertical turbulent Prt on Froude and Richardson numbers, anisotropization of air flow, and the reduction of vertical diffusivity in the condition of strong stratification (Sukoriansky et al. 2005; Sukoriansky 2008 ). Details of the QNSE PBL can be referred to in the study of Sukoriansky (2008) and Galperin et al. (2010) . The QNSE scheme in the WRFV3.1.1 model applies MYJ scheme (Sukoriansky 2008) in unstable situations, thus the QNSE is renamed QMYJ scheme as previously declared in the introduction. The MYJ parameters are turbulence length scale coefficients in the MYJ parameterization of the QMYJ scheme (Mellor and Yamada 1982) . The MYJ parameters that control turbulent mixing are monotonic functions of the Prt and their effects on the simulations can be evaluated through trial and error (Janjić 2001) . Their values can then be obtained according to the Prt (Table 1) . Here, we first discuss the formulations and variables that are important to understand the physical significance of the MYJ parameters.
The second-moment turbulent closure model (Moeng Fig. 1 . Map of China with geographic regions (left) and administrative divisions (right), T denotes the city mentioned in the paper. North China consists of Northeast, north, eastern northwest, and western northwest, marked by NE, N, ENW, and WNE respectively. Southwest, East, and South are marked by SW, E, and S respectively, and together they constitute South China. 
Experiments
where (l 1 , Λ 1 , l 2 , Λ 2 ) are length scales, l is the master turbulent length scale, (l 1 , l 2 , Λ 1 , Λ 2 ) and C 1 are related to the momentum flux, heat flux, the dissipation of turbulent flux and the potential temperature variance <θ 2 >, respectively. The vertical flux of momentum in the x direction, and (A 1 , A 2 , B 1 , B 2 , C 1 ) are closure constants which can be determined from data. Overall, they are related to turbulent mixing. Length scales determine the capability of turbulent mixing (Stull 1991) . Turbulent transportation has some relationship with atmospheric movement of convergence or divergence (Hu and Zuo 2003) , and it is meaningful to get reasonable chosen set of these constants.
In the MYJ model (Mellor and Yamada 1982; Janjić 2001) , the basic equations for the ensemble mean velocity (U, V), pressure (P) and potential temperature Θ have been introduced. The turbulence field is described using a differential equation for turbulent kinetic energy (TKE) per unit mass (q 2 /2) and algebraic equations for the second momentums. More details can be found in Mellor and Yamada (1982) . By defining the non-dimensional variables: wind shear (G M ), vertical gradient of potential temperature (G H ), diffusion coefficients for momentum (S M ) and heat (S H ), then the equations for turbulent variances and covariances after considerable algebra reduce to
From the turbulent energy shear production equations (P s ), buoyant production (P b ) and model dissipation (ε) show that
It is easy to solve S M and S H from Eqs. (2) and (3), by virtue of the production-dissipation balance. We can then get S M and S H as functions of flux Richardson number (R f ). The resulting relations are: 
As the methods used in the MYJ model (Janjić 2001) , the equations for the parameters can be obtained as follows:
where
is the turbulent fluctuation temperature and they are constants as supposed in the determination of the constants in the MYJ model (Janjić 2001) . By virtue of Eqs. (7a) - (7e), it is easy to get a set of parameters by taking a Prt. The Prt can be then defined as
Where v and w are the turbulent fluctuation velocity, H is the ensemble mean temperature and V is the ensemble mean velocity. The Prt may be seen to be a ratio reflecting the ratio of the rate that viscous forces penetrate the material to the rate that thermal energy penetrates the material (Schlichting 1979) . It varies across a boundary layer. However, in which manner it changes has not been determined yet (Schlichting 1979) . It seems that Prt has a value at the wall and increases to a value of 0.5 away from the wall according to Schlichting (1979) . However near the wall, the Prt is between 0.74 -0.92 (Kestin and Richardson 1961) . Gowen and Smith (1968) inferred that the Prt should be between 0.8 -1.0 for smooth pipes and between 1.0 -1.2 in rough pipes with a Reynolds number equal to 20000. In practice a constant value of 1 is frequently often assumed (Schlichting 1979) . The physical range of Prt is small, perhaps 1.39 -1 -1.0 (0.72 -1.0) according to Foken (2006) and Nielsen-Gammon et al. (2010) . Summarizing the above researches, the maximum range for Prt is 0.7 -1.2. Noting that the value of 1.0 for Prt is the default value of the previous QMYJ PBL scheme used in the WRFV3.1.1 (refer to source code) and 0.8 is the value determined from data in the Mellor-Yamada Level 2.5 model (Mellor and Yamada 1982) . We choose the value of 0.7, 0.8, 0.9, 1.0, 1.1, and 1.2 for Prt, respectively. According to Eqs. (7a) -(7e), we can obtain the corresponding values of the MYJ parameters (Table 1) to conduct simulation experiments for the purpose of investigating those MYJ parameters for the Lower Yangtze River rainfall simulations.
By virtue of Eqs. (5) - (6), Fig. 2 shows the variation in S M and S H with R f for the super equilibrium approximation. It compares six different cases with different values for the parameters (A 1 , A 2 , B 1 , B 2 , C 1 ) by taking the Prt value from 0.7 -1.2. Figure 2 shows the different functions of S M and S H when different MYJ parameters are applied. Both S M and S H change greatly with different parameters in unstable stratification. As the parameters vary with Prt decreasing from 1.2 -0.7, the turbulent energy buoyant and shear production are increasingly enhanced. Buoyancy fluxes and momentum fluxes develop with decreasing Prt in unstable conditions and the thermal and dynamic motions are sensitive to the parameters in unstable conditions. However, in stable stratification, thermal and dynamic effects vary little when different parameters are applied.
EXPERIMENTAL DESIGNS
Three model domains with two-way nesting are used ( (Mlawer et al. 1997 ), Dudhia shortwave radiation (Dudhia 1989) , WRF single-moment 5-class (WSM5) microphysics (Hong et al. 2004) , 5-layer thermal diffusion land surface scheme (Dudhia 1996) and New Grell (Gs) cumulus scheme (Grell and Dévényi 2002) . Six 36-hour forecasts over the three cases, which were initiated at 0000 UTC 23 July 2009, 0000 UTC 3 June 2011, and 1200 UTC 13 June 2011, respectively. Hereafter, the three cases are simply denoted as 20090723, 20110604, and 20110614 . In each case the MYJ parameters are assigned one of the six sets of values in Table 1 . The National Centers for Environmental Prediction (NCEP) global forecast system (GFS) six-hourly data are used as the initial conditions and boundary conditions for the model runs. The first 12-hour of each simulation are treated as spin-up and the remaining 24-hour are used for analysis. Data for model validation includes surface observations data at National Meteorological Administration (NMA) sites, radiosonde data in national principal (RS) stations and wind profiler (WP) data in Shanghai stations. The locations of the NMA and RS -WP sites are shown in Fig. 3 . Analysis and verification will concentrate on the 15-km domain which contains information from the 5-km domain through two-way nesting. The precipitation simulations were interpolated on the surface observation sites in this study. The surface observation site distribution for the three Lower Yangtze River cases (20090723, 20110604, and 20110614) covers the main rainfall areas, with a grand total sample of more than 3000 sites (Fig. 3) . Threat score and hit rate are used to verify the quantitative precipitation forecasts provided by WRFV3.1.1 model. Four thresholds are given for quantitative precipitation verification: they are 0.1, 50, 100, 150 mm, representing different grades of rainfall strength. As the maximum 24-hour accumulated rainfall for case 20110614 is less than 200 mm. Verification is performed for the 0.1, 50, 100, and 150 mm thresholds, and applied to the other two cases. The accuracy (percent correct) is written as: The accuracy is the fraction of the correct forecasts. Its value is 1 for a correct forecast and it varies from 0 -1, and the perfect score is 1. It is simple and intuitive. It is greatly impacted by the category, usually no-rain events in the case of rare weather and the percentage correct is dominated by the no-rain frequency (Stanski et al. 1989) .
Threat score (Ts) (Critical Success Index) is written as:
The threat score is the fraction of the hits. Ts measures comparable accuracy, the range is from 0 -1, and the perfect score is 1. It is obvious that Ts is only connected with forecasts that count (Stanski et al. 1989) . Mean absolute bias is used to verify the wind simulations. Mean absolute bias in the PBL can be written as:
where V i and V oi are simulated and observed wind speeds in the specific level and n is the number of levels. The smaller the mean absolute bias is, the closer the model-predicted wind speeds to the observations. PBL height direct measurement is not available in the Lower Yangtze River regions. It can be diagnosed from potential temperature and wind speed vertical profiles (Liu and Liang 2010) . The radiosonde data is reported only for the standard levels and significant levels. The potential temperature is calculated using temperature and pressure from radiosonde data. The surface level is regarded as the first level. The data is first linearly interpolated every 5-hPa. The PBL height is diagnosed by first identifying the regime by examining the near-surface thermal gradient between the fifth and second levels: " " "
where i is the potential temperature and its subscript number denotes the data level index assuming surface air at l = 1. 
where u d is the i increment for the minimum unstable layer strength. This first-guess level k is then corrected using another upward scan to search for the first occurrence of
where i o is the i vertical gradient per height z and r i o is the minimum overlaying inversion layer strength. r i o is considered as overshooting the rising parcel threshold and thus defines the scope of the entrainment zone for the CBL. Here s d , u d , and r i o are 1.0, 0.5, and 4.0 K respectively. The same procedure is adopted to determine the neutral regime PBL height.
For a stable regime the PBL height is defined at either the top of the bulk stable layer starting from the grounding in case of forced buoyancy or at the lower level jet (LLJ) nose if present in the case of driven shear. In the case where the SBL turbulence is forced mainly by buoyancy, we scan upward to find the lowest level at which k i o reaches a minimum and then determine the PBL height at that level if either of the following conditions are met:
Otherwise, the LLJ nose is identified at the level where the wind speed reaches a maximum that is at least 2 m s -1 stronger than the layers above and below while decreasing monotonically toward the surface (Bonner 1968; Stull 1988) . For the case that the stable layer is deep and LLJ is strong, the PBL height is defined at the lower height of the two diagnosed from the thermal height of the two diagnosed from the thermal and dynamic profiles. During the PBL heights diagnosis of those sites in section 4.3, in the case of a stable regime, the above conditions Eq. (15) are met and we need not appeal to the wind speeds.
MODEL RESULTS FROM DIFFERENT EXPERIMENTS

PBL Variables
To understand the PBL physical processes we investigate the PBL variables sensitivity to the MYJ parameters. The hourly wind speeds from measurements observed with WP in Shanghai stations are used to evaluate the modelpredicted wind speeds in Table 2 . Figure 4 shows the time evolution of the standard PBL variables deviation (wind speed, potential temperature, water vapor mixing ratio) and TKE below 4000 m. ( Figs. 4a1 -b) , and the past 1-hour rainfall also shows sensitivities to the parameters (Fig. 4c) . The standard deviation of wind speed in the PBL is as high as 1 m s -1 during that time, that of potential temperature is as high as 0.3°C and that of water vapor mixing ratio is as high as 0.5 g kg -1 . From 0300 UTC 4 June to 1200 UTC 4 June 2011 for case 20110604 (Figs. 4d1 -f) , both PBL variables and TKE show obvious sensitivities to the parameters (Figs. 4d1 -f) , and the past 1-hour rainfall also shows sensitivities to the parameters (Fig. 4f) . The standard deviation of wind speed in the PBL is as high as 0.5 m s -1 during that time, that of potential temperature is as high as 0.12°C and that of water vapor mixing ratio is as high as 0.14 g kg -1 . From 1600 UTC 14 June to 0000 UTC 15 June 2011 for case 20110614 (Figs. 4g -i) , both PBL variables and TKE show obvious sensitivities to the parameters (Figs. 4g1 -i) , and the past 1-hour rainfall also shows sensitivities to the parameters (Fig. 4i) . The standard deviation of wind speed in the PBL is as high as 1.2 m s -1 during that time, that of potential temperature is as high as 0.52°C and that of water vapor mixing ratio is as high as 0.4 g kg -1 . This implies that parameters may alter PBL physical quantity (momentum, heat, and moisture) transfers by changing turbulence vertical mixing, which then affect rainfall. During the above three periods for the three cases, wind speed, potential temperature and water vapor mixing ratio show much greater sensitivities above PBL compared with that in PBL. This indicates that PBL processes affect rainfall by coupling with other physical processes, such us cumulus convection. From 1200 UTC 23 July to 1800 UTC 23 July 2009, both mean wind speed, potential temperature, water vapor mixing ratio and TKE show much weaker sensitivities to the parameters (Figs. 4a1, a3 -b) than that of the period from 0000 UTC 24 July to 1100 UTC 24 July 2009, but 1-hour rainfall show much greater sensitivities to the parameters (Figs. 4a2, c) . This suggests that parameters may affect the rainfall amount or intensity by changing the physical quantity (momentum, heat, and moisture) transfer and turbulent mixing. However, to what degree the parameters influence the amount of precipitation may be related to the specific synoptic pattern and other physical processes (such us cumulus parameterizations). During the time from 1400 UTC 23 July to 1600 UTC 23 July 2009, mean wind speed and water vapor mixing ratio show much weaker sensitivities than that of during the period from 0500 UTC 24 July to 0700 UTC 24 July 2009 (the maximum values of standard deviation of wind speed and water vapor mixing ratio during the time from 1400 UTC 23 July to 1600 UTC 23 July 2009 are less than half of that during the period from 0500 UTC 24 July to 0700 UTC 24 July 2009), but potential temperature does not show so much weaker sensitivities accordingly (the maximum values of standard deviation for potential temperature during the time from 1400 UTC 23 July to 1600 UTC 23 July 2009 are much more than half of that during the period from 0500 UTC 24 July to 0700 UTC 24 July 2009), indicating that the relative importance of those physical quantity transfers (heat transfer, momentum transfer or moisture transfer) during a rainfall may depend on the specific PBL structure and meteorological circumstances.
For case 20090723 the wind speeds measured from the WP are available at heights of 171, 231, 291, 351, 412, 472, 532 , 592 m at Jiading in Shanghai and the simulated wind speeds are interpolated to those levels. For cases 20110604 and 20110614 the measured WP speeds are available at heights of 187, 290, 392, 495, 597 m at Qingpu of Shanghai and the simulated wind speed is interpolated to those levels. According to the mean absolute bias formula provided in the above section, Table 2 shows the 24-hour mean absolute wind speed bias averaged over the remaining 24-hour of each simulation for all three cases (20090723, 20110604, and 20110614) . The mean absolute bias averaged over the three cases shows that none of these schemes is always the best.
PBL Structures
The direct way to investigate moisture, heat and other physical quantity transportation in the PBL is by inspecting the temperature and moisture profiles. The data obtained from radiosonde soundings are used to evaluate the predicted temperature and water vapour mixing ratio profiles. Figures 5a -b show potential temperature and water vapor mixing ratio profiles simulated by QMYJ PBL schemes (QMYJ0.7 -1.2) due to different MYJ parameters for the three Lower Yangtze River cases.
The simulated water vapor mixing ratio and potential temperature profiles corresponding to sounding measurements at 0000 UTC 24 July 2009, at the Hangzhou (120.17°E, 30.23°N) site are presented in Figs. 5a and b. All experiments overestimated the water vapor mixing ratio below 900 hPa and underestimated the potential temperature below 965 hPa. All simulations underestimated the inversion layer stability (Figs. 5a snd b) . All experiments failed to simulate the unstable layer below 965 hPa and also failed to simulate dry intrusion characteristics in the PBL (Fig. 5b) . The inaccurate planetary boundary layer simulations could eventually affect rainfall. On the one hand, acting as a cap, the inversion layer is conducive to heat and water accumulation. Once the cap is broken violent convection may occur, often leading to shorttime severe precipitation. Thus, underestimating inversion stability may lead to decreased precipitation (Fig. 5c ). On the other hand, dry intrusion in PBL strengthens the statistical instability stratification, which favors rainfall. Thus, failing to simulate dry intrusion may result in underestimating rainfall (Fig. 5c ). Although overestimating moisture may lead to overestimating rainfall, rainfall is still under-predicted if inversion instability is underestimated and failure to simulate dry intrusion plays a main role. Those experiments simulated different water vapor mixing ratio bias below 965 hPa and above PBL, but simulated almost the same potential temperature and water vapor mixing ratio between 965 and 900 hPa. TKE shows large sensitivities at about 2100 UTC 23 July 2009 (not shown), which lags behind the time 0000 UTC 24 July 2009 when strong rainfall occurred (Fig. 5c) . The W-component of the wind speed also shows large sensitivities during the strong rainfall period (not shown). There are two reasons that may account for this phenomenon. Firstly, the PBL parameters may alter the vertical velocity and super-low level water vapor convergence by affecting turbulent mixing, thus bringing increased or decreased precipitation. Secondly, the parameters may alter turbulent mixing by coupling with other physical schemes (such as cumulus parameterization), then alter the moisture transfer above PBL, finally affecting precipitation.
For the 20110604 case (Figs. 5d and e) , all experiments simulated the SBL and overestimated the stability below 900 hPa. Those simulations underestimated water vapor mixing ratio below 740 hPa and overestimated it above 740 hPa. Moisture overestimation above PBL may lead to cumulus precipitation over-prediction, but overestimated PBL stability, leading to cumulus precipitation under prediction. Thus, total rainfall precipitation is under-predicted if stability overstimation plays a main role (see Fig. 5f the period from 2000 UTC 3 June to 0300 UTC 4 June 2011), and vice versa, total rainfall precipitation is over-predicted if moisture overestimation plays a main role (see Fig. 5f the period from 0900 UTC 4 June to 1200 UTC 4 June 2011). Compared with the other two cases the potential temperature and water vapor mixing ratio at Hangzhou site show less sensitivity to the PBL parameters. This may be attributed to the weaker turbulent mixing sensitivities during the rainfall period (not shown). The 24 accumulated rainfalls for the 20110604 case were also smaller than the other two cases, which indicates PBL turbulent mixing is closely related to the rainfall.
In the 20110614 case (Figs. 5g and h ) all experiments simulated the SBL well and underestimated potential temperatures below 850 hPa. They also underestimated the water vapor mixing ratio below 850 hPa and overestimated it above Fig. 5 . Mean profiles of potential temperature (a), water vapor mixing ratio (b) at 0000 UTC 24 July 2009, and 1-hour rainfall (c) at Hangzhou (120.17°E, 30.23°N) site; mean profiles of potential temperature (d) and water vapour mixing ratio (e) at 0000 UTC 4 June 2011, and 1-hour rainfall (f) at Hangzhou site; mean profiles of potential temperature (g) and water vapour mixing ratio (h) at 1200 UTC 14 June 2011, and 1-hour rainfall (i) at Hangzhou site from observations (black) and parameter simulations: the QMYJ0.7 (blue), the QMYJ0.8 (green), the QMYJ0.9 (brown), the QMYJ (red), the QMYJ1.1 (yellow), the QMYJ1.2 (purple).
that altitude. The inversion layer is inductive to energy accumulation and once the cap is broken all of the energy will be released. Thus, overestimating inversion layer stability may lead to overestimating the unstable energy, leading to rainfall overestimation. Overestimating the moisture in the troposphere may lead to cumulus precipitation over prediction. Thus, 1-hour rainfall precipitation is over-predicted ( Fig. 5f ) for cumulus precipitation occupying the main proportion of the total precipitation. Those experiments simulated different water vapor mixing ratios below 950 hPa. Nearly the same water vapor mixing ratio was simulated between 950 and 850 hPa. Turbulent mixing shows great sensitivities during the rainfall period from 0000 UTC 14 to 0000 UTC 15. Those results imply that the parameters affect vertical moisture mixing in the lower PBL layer and may affect moisture transfer in the troposphere above PBL by coupling with other physical parameterizations (such as cumulus scheme), thus affecting precipitation. For the 20090723 and 20110614 cases the mean vapor profiles show distinctively different bias in the lower PBL, implying that moisture transfer in the rainfall area is sensitive to the parameters in the lower PBL layer. Moisture and potential temperature show more discrepancies above PBL than in PBL, which is consistent with the conclusion drawn in the above section. For the 20110604 case moisture and potential temperature show weaker sensitivities compared with those for the other two cases. This may be attributed to weak turbulent mixing in the boundary layer for case 20110604. It is the same case compared with the 20110614 and 20090723 cases. These results may imply that the parameters sensitivity is positively related to the rainfall and turbulent mixing strength. The above analysis implies that parameters affect rainfall possibly in this way: the parameters alter low level moisture convergence by changing turbulence mixing, thus parameter sensitivity is related to turbulent mixing strength. Parameters affect turbulent mixing by coupling with cumulus parameterization and then change moisture transfer above PBL, thus altering the rainfall. None of the parameters are always the best for potential temperature and moisture simulations, and may be the most suitable parameters for model simulations related to specific PBL structures depending on their meteorological and geophysical conditions.
PBL Height
The PBL height is an important variable in atmospheric numerical models, as it is used in other physics schemes when necessary (Shin and Hong 2011) . PBL height can reflect turbulent mixing. Table 3 compares the PBL heights averaged over the different sites which almost located in a line. For case 20090723 those sites are Baoshan, Hangzhou, Shaowu, and Ganzhou (Fig. 1) . For case 20110604 those sites are Sheyang, Nanjing, Anqing, Nanchang, and Chenzhou (Fig. 1) . For case 20110614 those sites are Shanghai, Hangzhou, Quzhou, Shaowu, and Longyan (Fig. 1) . The diagnostic PBL heights are diagnosed from potential temperature and wind speed vertical profiles using the diagnostic approach described in section 3. The QMYJ scheme determines the PBL height using the TKE profile and PBL height is estimated as the height where the simulated TKE reaches a prescribed low value (Janjić 2001; Sukoriansky 2008) .
In order to understand the model parameters effects on QMYJ PBL scheme rainfall simulations, Fig. 6 shows standard deviation of TKE (Figs. 6a, d, g ), 1-hour rain (Figs. 6b, e, h ) with respect to different MYJ parameters, compared with the standard PBL height deviation along a particular section across the rain sites for each case. Figure 6a shows that standard deviation for TKE across (25.85, 114.95) and (31.41, 121.46) (Baoshan-Ganzhou section) shows different values, namely TKE shows different sensitivities over different rainfall areas. Overall, TKE is sensitive to parameters over the regions where rainfall shows high sensitivities to parameters (comparing Figs. 6a and b) , and PBL height shows high sensitivities over the regions where TKE shows great sensitivities (comparing Figs. 6a and c) . This phenomenon indicates the PBL parametes may alter rainfall by changing turbulent mixing, and the variations in PBL height can correctly reflect the variations in turbulent mixing. According to the terrain height over this section TKE is more probable to showing high sensitivities over mountain areas (the white shading in Figs. 6a, d , and g indicates terrain effect). This is the same case for the other two Lower Yangtze River cases (Figs. 6d -i) . Table 3 shows that none of the parameters are always the best for the PBL height simulations.
In summary, parameters alter rainfall by changing turbulent mixing and turbulent mixing is more probable to show sensitivities in complex geophysical conditions. Table 3 shows that none of the MYJ parameters are always the optimal. The above results indicate that the optimal parameters should be defined properly according to PBL dynamics and thermal structures depending on the meteorological and geophysical circumstances.
Precipitation Analysis from Model Results
Intercomparisons of Precipitation from Different Experiments
Figures 7a and b show the 24-hour accumulated precipitation of the observation and simulations of six different experiments for the rainfall from 1200 UTC 23 July to 1200 UTC 24 July 2009. The 24-hour accumulated precipitation for observations distributed over the Lower Yangtze River in China, with a rainband stretching from west to east. There is heavy rainfall over Hubei and Anhui in the Lower Yangtze River regions. One rainfall center located at (29.9°N, 117.9°E) near the Yi county of Huangshan in Anhui province with the maximum rainfall value exceeded 160 mm. Another located at (29.6°N, 114.5°E) near the Tongshan county of Xianning in Hubei province with the maximum rainfall value exceeded 100 mm. These two rainfall centers are referred to as HS and TS respectively. All of the simulations correctly reproduced the synoptic situation by predicting the sea level pressure, 850 hPa geopotential height field, 850 hPa wind field and 850 hPa temperature field. From the 24-hour accumulated precipitation for the observations and simulations (Figs. 7a and b) , we can see that the spatial patterns of the simulations are very similar to that of the observations. There are pronounced differences in the range and intensity if we compare the precipitation centers (HS, TS) between the observations and the simulations. Slight differences could be seen in the north-south width and east-west trend of the rainband among the simulations with six different treatments of MYJ parameters. The model runs successfully reproduced the center HS, though the precipitation center TS was not well reproduced. Figure 7c shows that the rainfall simulations show different parameter sensitivities in different rainfall regions and the sensitivities over strong rainfall areas (near HS) are stronger than those over weak rainfall areas. This may be attributed to different turbulent mixing strength in different rainfall areas under different geophysical circumstances. By coupling with other physical processes (such as cumulus convection processes), leading to more different moisture and momentum transport (Fig. 7d) , similar conclusions can be drawn by analyzing the other two cases.
In order to get the quantitative differences in rainfall simulation sensitivity to the MYJ parameters (A 1 , A 2 , B 1 , B 2 , C 1 ) in QMYJ scheme over the Lower Yangtze River region, it is necessary to verify precipitation forecasts using statistical verification (threat score and hit rate methods). Detail information about verification methods can be seen in Stanski et al. (1989) .
Statistical Verification of Precipitation
Tables 4, 5, and 6 show the verification results for the 24-hour accumulated rainfall from 1200 UTC 23 July to 1200 UTC 24 July 2009, from 1200 UTC 3 June to 1200 UTC 4 June 2011, and from 0000 UTC 14 June to 0000 UTC 15 June 2011 respectively. Parameters show non-distinctive differences for the thresholds of 0.1 mm and show obvious differences for the thresholds of more than 50 mm in Ts and Eh (Tables 4 -6 ). This indicates that sensitivities for strong rainfalls are higher than those for weak rainfalls, which is in agreement with the previously mentioned results concluded by Fig. 7c . This implies that the parameters sensitivity is positively related to the rainfall strength. However, none of the parameters are always the best and the reasonable choice of parameters may depend on the specific dynamics and thermal structures in different geophysical and meteorological circumstances.
Overall, there are pronounced differences in the precipitation center among the six QMYJ experiments. However, there are unpronounced differences in the precipitation among the six QMYJ experiments. Precipitation forecasts from the six experiments look very similar in Fig. 7 and the changes in statistical scores are only within a few percentages (Tables 4 -6 ). In order to know such changes can be considered as significant effects, this paper conducted rainfall simulations with other PBL schemes (MYJ, MYNN2.5, MYNN3, YSU, ACM2, Boulac), and compared their differences with the differences among the six QMYJ experiments. shows the ratio of standard deviation between the threat score for the seven different schemes and the six QMYJ experiments. Four thresholds are given for quantitative precipitation verifications: they are 0.1, 50, 100, 150 mm, representing different grades of rainfall strength. Thus, the impacts of the MYJ parameters can be quantified. The rainfall change due to the MYJ parameters is more than 10% of the change due to the different PBL schemes, except the ratio of standard deviation for the threat score and hit rate score of 0.1 mm threshold for case 20110604. As mentioned above in PBL structures, water vapor mixing ratio and potential temperature of case 20110604 show less sensitivities compared with the other two cases. The parameters show slight effects on the rainfall of case 20110604, the reason for it may be that weak rainfalls with weak turbulent mixing occupy the main part and pull down the parameters sensitivities. The results indicate that parameters sensitivity may be positively correlated with rainfall intensity and turbulent mixing strength.
CONCLUSIONS
A series of experiments using three Lower Yangtze River rainfall simulations were conducted in this study using the QMYJ PBL schemes with different MYJ parameter (A 1 , A 2 , B 1 , B 2 , C 1 ) values in the WRFV3.1.1 simulation program. The simulations tested the parameter sensitivities in comparison with the observations. The QMYJ scheme simulations using various parameter values were compared against each other.
The MYJ parameters played an important role in rainfall simulations in the Lower Yangtze River regions. The analysis results indicate that the MYJ parameters sensitivities to the rainfall amounts were related closely to the physical quantity (heat, moisture and momentum) transfers and turbulent mixing, however, which quantity transfer played the more important role depended on the specific meteorological conditions.
Generally speaking, rainfall strength, PBL height, wind speed, and water vapor mixing ratio showed great sensitivities to the parameters during strong rainfall periods, accompanied by obvious TKE variations. Wind speed, potential temperature and moisture showed much greater sensitivities above PBL. PBL parameters may affect turbulent mixing and physical quantity (momentum, moisture and heat) transfer, and then alter low-level physical quantity convergence by coupling with cumulus parameterization, thus altering rainfall. Turbulent mixing can be reflected by PBL structures depending on the geophysical and meteorological conditions. None of the parameters were always the best, indicating that different MYJ parameter values should be designated depending on the PBL structures under different geophysical and meteorological circumstances. To extract significant information from observations to adjust the model state, model parameter calibration using the ensemble Kalman filter (EnKF) parameter estimation approach has been popular (Tong and Xue 2008a, b; Hu et al. 2010a; Jung et al. 2010) . It may be acceptable to revise MYJ parameters using the EnKF parameter estimation method.
Although we arrived at some meaningful conclusions with the WRFV3.1.1 configuration and particular simulated cases in the Lower Yangtze River regions, there are limitations in this study. Firstly, the vertical resolution used in the WRF model is too coarse. Secondly, the rainfall cases used to analyze parameter sensitivities are limited; more cases may be needed. Ongoing study will choose more cases with high-resolution set in the model levels in the future to further confirm the above conclusions.
